In extreme ultraviolet lithography exposure systems, mask substrate roughness-induced scatter contributes to line edge roughness ͑LER͒ at the image plane. In this article, the impact of mask substrate roughness on image plane speckle is explicitly evaluated. A programed roughness mask was used to study the correlation between mask roughness metrics and wafer plane aerial image inspection. The authors find that the roughness measurements by the top surface topography profile do not provide complete information on the scatter related speckle that leads to LER at the image plane. They suggest at-wavelength characterization by imaging and/or scatter measurements into different frequencies as an alternative for a more comprehensive metrology of the mask substrate/ multilayer roughness effects.
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I. INTRODUCTION
Extreme ultraviolet lithography ͑EUVL͒ 1-3 remains the top candidate for high volume manufacturing at a 16 nm half-pitch node. EUV based optical projection systems utilize a patterning wavelength near 13.5 nm. Wavelengths in this region are absorbing in matter; thus, an all reflective system in vacuum is a requirement. In order to achieve high reflectivities at this illuminating wavelength, the optics and the reflective photomask 4 exploit thin film interference properties with alternating thin layers of molybdenum and silicon deposited on a substrate. Further details on the theory, on the architecture and the choice of materials for the mask and optics, and on the surface fabrication processes can be found in literature. [2] [3] [4] [5] [6] A considerable problem for the mask and the optics at this illuminating wavelength is roughness-induced multilayer scattering or nonspecular scattering. 5, 7, 8 It is well known that nonspecular scattering leads to throughput loss in the optical systems and to reduced image contrast. Multilayer scattering, which is considered to be fundamentally different from single surface scattering, is characterized by interference effects arising from the roughness of the different material interfaces as well as the conformal growth of the substrate roughness to the top layer surface. These interference effects, occurring at higher frequencies ͑hence treated as a statistical effect͒, cause phase modulations in the image field ͑speckle͒ that ultimately leads to the loss of imaging fidelity. 9 More specifically, the mask substrate roughness directly leads to line edge roughness ͑LER͒ through the formation of speckle in the patterned image. 10 The recently updated International Technology Roadmap for Semiconductors ͑ITRS͒ 11 sets the limit LER in resists 12, 13 to be less than 1.2 nm ͑3 LER͒ at the 20 nm half-pitch resolution. Under such constraints, it has recently been shown that mask contributors to LER play a significant role. [13] [14] [15] [16] Of particular concern is the substrate roughness issue discussed above, especially as the illumination coherence is increased. [17] [18] [19] Modeling has shown that the mask multilayer replicated top surface roughness ͑RSR͒ must be limited to 50 pm to meet current LER targets for the 22 and 16 nm half-pitch lithography nodes. 19, 20 For EUV, the phase coherent roughness that propagates from layer to layer is considered to be significant, bringing into question the suitability of top surface roughness analysis methods such as atomic force microscopy ͑AFM͒ for its characterization. Because the root cause of LER from phase coherent roughness is speckle in the aerial image, it is crucial to understand the relationships between bottom ͑substrate͒ surface roughness, top surface roughness, EUV scattering, and aerial image speckle for developing accurate mask specifications and suitable roughness metrics.
In this article, we explicitly study the impact of substrate roughness on image plane speckle. We quantify the extent to which an AFM measurement can be depended upon for specifying tolerable roughness limits on EUV masks and propose an alternative metrology method capable of directly measuring phase coherent roughness. The design of the study involved a mask prepared with areas of varying roughness that was then coated with a Mo-Si multilayer. AFM based topography was collected for each area before and after multilayer deposition. The same rough areas were then subjected to EUV reflectometry and scattering measurements to obtain phase coherent roughness parameters. These areas were then imaged at wavelength, 21 thus directly characteriz-
II. MASK MULTILAYER SURFACE CHARACTERIZATIONS
The basic structure of EUV masks starts with a highly polished quartz type substrate of low thermal expansion. Forty or more alternating layers of molybdenum ͑Mo͒ and silicon ͑Si͒ are deposited on top of the substrate to provide high EUV reflectivity. A protective capping layer is deposited on top of the multilayer, and lithographic patterning is completed with a buffer/absorber stack deposited on top of the capping layer.
A. Mask fabrication for controlled roughness studies
Since mask blanks with roughness gradients are not readily available, a masklike surface was fabricated for the measurements completed here. The fabrication procedure involved the shadowed deposition of chromium ͑Cr͒ onto a standard 4 in. silicon ͑Si͒ wafer by dc magnetron sputtering in an argon gas environment. The shadowing was controlled in such a way that a thickness gradient from 0.2 to 1.4 nm was achieved along one direction on the wafer. Since surface roughness is a function of film thickness, roughness gradients of 0.25-0.75 nm root mean squared ͑rms͒ roughness was achieved as measured by AFM.
A typical EUV molybdenum ͑Mo͒ and Si multilayer ͑40 alternating pairs of Si and Mo films such that each pair is 7 nm in thickness totaling approximately 240 nm͒ designed for near-normal reflection were deposited on top of the sputter coated Cr surface of the wafer. Peak reflectivity for this multilayer was measured to be at 13.46 nm. Instead of a real tantalum ͑Ta͒ based absorber that is typical of an EUV mask pattern, an e-beam resist is used as the absorber, which was spun coated onto the multilayer surface with thicknesses of about 380 and 760 nm round trip for full attenuation of EUV light. A grid pattern of windows sized 1 ϫ 3 mm 2 and separated by 1.5 mm was exposed and developed to expose the multilayer surface. A second set of AFM images was collected from the exposed multilayer surface at roughly the same coordinates as before. For the metrologies completed here, we look at a row of 18 windows going from low roughness to high roughness, as shown in Fig. 1 .
B. Surface analysis by atomic force microscopy
AFM imaging of the Cr coated surface was completed at specific coordinates along the axis of increasing roughness on the wafer. After the multilayer deposition on top of the sputter coated Cr surface and grid patterning with resist, a second set of AFM images was collected from the exposed multilayer areas/windows at roughly the same coordinates as before. The instrument used for measurements is the Digital Instruments model DM 3100 scanning probe microscope developed by the Veeco metrology group. All AFM scans were completed with the Nanoscope IIIa controller over a 5 ϫ 5 m 2 area, in the tapping mode, and analyzed offline with the commercially available image analysis package SUMMIT ͑Ref. 22͒ to determine the rms deviation roughness of the surfaces.
From the surface height distributions in the AFM surface profiles, the rms roughness is determined for the exposed multilayer windows with varying roughness content. The rms numbers tabulated for images collected before and after the Mo/Si multilayer ͑ML͒ is deposited on chrome are given in Table I . The measurements from windows 1-5 are omitted from comparisons here because of the high noise content resulting from AFM tip related artifacts observed in the scanned AFM images before the deposition of the multilayer. After ML deposition, the minimum in the measured roughness is 0.2 nm for windows 1-6, which gives approximately 1.9 nm peak-valley ͑p-v͒ errors. We note that, presently, the best EUV mask blank roughness is characterized to be near or better than 0.2 nm rms. The maximum in the roughness is found to be at 0.54 nm and corresponds to nearly 5 nm of p-v errors. We also find that the characteristic correlation lengths computed from the autocorrelation of the image surface heights are approximately 60 nm on average for the ML coated areas being analyzed here.
The tabulated rms values are plotted in Fig. 2 as a function of increasing region number ͑correlated with the increase in the chromium thickness and roughness͒. It is immediately obvious from the plot that there is roughness FIG. 1. ͑Color online͒ Row of eighteen windows, sized 1 ϫ 3 mm 2 and separated by 1.5 mm, patterned on a gradient of low to a high roughness region were evaluated for this study. The clear multilayer surface is inside the window, and resist absorber giving full attenuation of EUV is outside. The lowest roughness content is in window 1 and the highest roughness content is in window 18. smoothing occurring in the rougher mask areas after the ML deposition. On the other hand, very little smoothing is observed at the smaller substrate roughness regions near 0.2 nm. We conclude that this is due to the ML itself having intrinsic roughness, and when the starting substrate roughness is too small, the smoothing effect is apparently mitigated. However, it is not clear presently how the replicated surface roughness might be affected.
To better illustrate the smoothing, the isotropic power spectral densities ͑PSDs͒ obtained for the images before and after the ML coating are compared at a roughness minimum and roughness maximum. Figure 3 shows two AFM surface measurements, specifically for mask multilayer surfaces in regions 6 and 15. The measured roughness for region 6 is 0.23 nm before ML coating and 0.2 nm after, and the surface in region 15 shows a reduction from 0.8 to 0.5 nm rms roughness after ML. In looking at the PSDs generated ͑Fig. 3, top͒ for region 6 in the low roughness region, where the solid black curve is the PSD of the chromium surface by itself, we observe an increase in the low spatial frequency range ͑LSFR͒ and some smoothing in the mid to high spatial frequencies ͑MSFR and HSFR͒ after the ML is coated. In contrast, the PSDs for region 15 ͑Fig. 3, bottom͒ with taller phase structures show significant reduction into all frequencies after ML deposition. This effect is due to the smoothing induced by the ML structures. Figure 4 shows two masks ͑low and high roughness components͒ synthesized from AFM image scans to be used for the thin mask model used for predicting phase coherent roughness contributed speckle. The phase is depicted in grayscale, and the phase errors are included from the PSD.
C. X-ray reflectance measurements
Another way to extract roughness from a surface is by using x-ray reflectance and scattering ͑XRS͒ measurements at wavelength. For this purpose, we utilized a synchrotron based reflectometer located at the advanced light source beamline 6.3.2 of the Lawrence Berkeley National Laboratory ͑LBNL͒. The main advantage of the beamline is its high spectral purity, a spectral resolving power ͑eV/ ⌬eV͒ of up to 7000, a wavelength accuracy of 10 −3 nm, and a reflectivity accuracy of 0.1% ͑absolute͒. The high spectral resolution is achieved by utilizing a variable line space grating. Further details of the beamline and the instrument can be found in the literature.
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Reflectance measurements were performed at a wavelength of 13.46 nm with a relative spectral bandwidth, ⌬ / , of approximately 0.01%. The photon beam is incident on the sample surface at a 5°angle from the normal, and the specular reflectance is measured at the same angle. The specular beam divergence is Ϯ1.2°, and the detector is large in comparison to the reflected beam numerical aperture ͑NA͒. The diffuse scattering from the surfaces is measured at a fixed 5°a ngle from the reflected beam or 10°away from the surface normal. The raw reflectivity and scattering yields for the measurements from the different windows are shown in itself. An increase in the LSFR and some smoothing into the MSFR to HSFR are observed after the ML is coated on this surface. In contrast, the PSDs for high roughness ͑window 15, bottom͒ show significant reduction into all frequencies after ML deposition. The taller phase structures are assumed to have been smoothed.
5 on the scale of increasing roughness. Scattering measurements are obtained at a single frequency and serves to illustrate that an increase in phase roughness scatters intensity away from reflected specular beam. In Fig. 5 , the increase in scattering is seen to follow the decrease in reflectivity owing to the increase in phase roughness of the measured surfaces. In order to extract rms surface roughness from the measured reflectivities, we take advantage of the relationship between scattering and reflectivity. Assuming that reflectivity is spread over the width of the interface and assuming that this width is related to the roughness of the interface, it can be represented statistically as a Gaussian. Total reflectivity is reduced because amplitudes reflected from different depths add with different phases. For an initial reflectivity less than 1 and assuming that refraction effects are negligible, the Gaussian can be Fourier transformed from coordinates to momentum transfer to obtain reflectivity reduction as a function of wavelength or angle of incidence. The momentum transfer is replaced with the multilayer period, which leads to the Debye-Waller factor for the reduction of reflectivities to which the expression for the total integrated scatter ͑TIS͒ can be related to approximate the rms phase roughness term as follows:
where is the rms phase roughness and is the illuminating wavelength at the given angle of incidence, . R 0 and R denote the reflectivity of the best surface and the reflectivity of the surfaces with increasing roughness content, respectively. When the roughness correlation length is large compared to the illuminating wavelength, most of the scattering will be into a small cone about the specular direction and can be related to the reflected amplitude loss. Phase roughnesses computed using this relationship and the measured reflectivities from the mask surface are tabulated in Table II , alongside the corresponding AFM measured rms roughness. ͑Color online͒ Reflectivity and scattering yields for the measurements from the different windows are shown on the scale of increasing roughness. Increase in scattering follows the decrease in reflectivity, indicating an increase in phase roughness. Wavelength of light used was 13.46 nm at a 5°angle of incidence for reflectivity relative to the normal. The scattering was obtained at a fixed angle that was 10°away from the normal. In Fig. 6 , the two sets of data are plotted for comparison against the region numbers. A fixed uncertainty of 10% is assumed for both measurements. The two sets of data in Fig.  6 are seen to overlap where the substrate phase roughness heights are large. In the smallest substrate roughness areas, XRS determined roughness is nearly 50% lower than the AFM measured roughness values.
III. ACTINIC MASK SURFACE IMAGING
The SEMATECH Berkeley Actinic Inspection Tool ͑AIT͒ is an EUV microscope used for mask inspection at an operating wavelength of 13.4 nm. Details of the system can be found in the literature. 24, 25 In the imaging mode, the AIT operates as a high resolution, zone plate based EUV microscope designed to emulate EUVL stepper systems. Flare in the AIT is given to be 2%-3%, 24 the illumination partial coherence is found to be below 0.2, and the major aberrations in the system are shown to be astigmatism combined with focal plane tilt and coma. 25 In the imaging mode, the zone plate projects a 907ϫ magnified image of the illuminated area on a mask onto a back illuminated, 1 ϫ 1 in. 2 , EUV charge coupled device ͑CCD͒ camera. A through-focus series of images for four different regions at specific points along the rough gradient was collected with a 0.3 NA, 4ϫ stepper equivalent zone plate. Each image collected in the series is a 16 bit, 2048ϫ 2048 array corresponding to a 30 m 2 area on the mask. An analysis of each image is completed to extract the appropriate speckle contrast in the image.
The full image area of the mask collected with the AIT CCD camera is not usable for analysis due to illumination nonuniformities and aberrations. The part of the image where the imaging can be considered diffraction limited is small compared to the overall image size and needs to be identified for each image. An analysis of each background corrected image area is completed by dividing the image into 256 arrays of 128ϫ 128 pixels that correspond to an area of 3.7 m 2 on the mask. Each of these subarrays is then divided by its best fitting plane to correct for the illumination gradients and to normalize the data. For the rough mask surfaces imaged, the contrast of the granularities seen in the images is determined by computing the normalized standard deviations of the image intensities at the nearly diffraction limited area of each image. Figure 7 gives an example of a typical series of throughfocus images collected for a single multilayer window. The corresponding speckle contrast is also shown directly below each image in the series. For the rough mask surfaces imaged, the contrasts of the granularities seen in the images are determined to be a minimum at the best focus condition of the lens. The speckle contrast observed at the best focus of each set of data is plotted against the region number in Fig.  8 . The adjacent table provides contrast data as well as the corresponding phase roughness determined from the AFM measurements. Even at the smallest roughness scale, a speckle contrast better than 6% is observed.
IV. SIMULATIONS
The question that is central to this article is: Can indirect top surface phase roughness characterizations be trusted explicitly for predicting scatter related speckle in the image field? In order to determine the accuracy of surface characterizations, we try to reproduce the image plane speckle determined from the AIT images by modeling the rms roughness content obtained with the AFM and XRS.
AIT imaging characteristics are modeled with a two dimensional ͑2D͒, scalar, aerial image computation software developed in-house. Scalar modeling and thin mask approxi- Images through focus of the zoneplate lens, the contrast of the surface granularities is a minimum at the best focus Normalized Contrast   FIG. 7 . ͑Color online͒ Image series through focus, collected for a single multilayer rough window using the AIT zone-plate EUV microscope. The corresponding speckle contrast, which is just the normalized standard deviation of the image intensities, is also shown for each image in the series. The minimum in focus is found for the tenth image from the left, where the granularities can be seen to be the smallest.
mation are appropriate for the small NAs that are being used here. 9, 26 The rough mask synthesized from the AFM image PSDs containing the phase error content is modeled as a pure phase distribution. The phase is determined from the geometric path length differences under the assumption that EUV light is reflected from the top surface of the mask.
Initial calculations were completed under the assumption that the AIT images are diffraction limited; this yielded speckle contrast values that were far from the AIT measured speckle. Subsequent calculations are completed including the AIT design aberrations. AIT design aberrations are computed for a 2 m field using ray tracing methods and tabulated in Table III . Astigmatism and defocus are found to be the dominant Zernike terms in the system. Additionally, a 2.5% coherent optics produced scatter reported for the AIT is added in quadrature to the modeled speckle contrast at best focus.
The calculated speckle contrast based on the AFM measured roughness data is compared to the measured speckle, which is shown in Fig. 9 . AIT image based contrast does not match completely to the calculated values, and a crossover point is observed near the high roughness regions. This is observed to be consistent through many simulation sets. When compared to XRS roughness data simulations, the AFM is shown to be a better fit to the measured images. The plot of all data is given in Fig. 10 , and the corresponding data points are tabulated in Table IV . All data are shown to overlap in the taller phase error conditions.
V. DISCUSSION
In this article, we try to systematically study the effects of substrate roughness on image plane speckle with the goal of determining adequate metrologies for RSR. Specifically, we considered AFM and X-ray reflectometry by predicting the speckle based on roughness measured using those techniques and then comparing it to direct AIT speckle measurements. The AFM and XRS based measurements of the rms phase roughness are observed to differ in the small roughness range that is characteristic of the EUV mask substrates fabricated at present. XRS calculated roughness based modeled data are shown to deviate further from the measured speckle contrasts in the small roughness regime. In the AIT measured to modeled speckle contrast comparison, AFM is shown to be better than the XRS, but it still fails to predict the measured speckle. We attribute the XRS departure from the AFM measurements to two reasons. The first source of error is expected to be in the initial reflectivity chosen for XRS roughness calculations. It is an average of the reflectivities obtained for the first few rough surface regions in the very low roughness region. Ideally, we would want the initial reflectivity measurement to be free of any roughness at all, which in practice is not possible. The second major error comes from ignoring the absorption of the incident beam on the sample surface that could lead to the reflectivity loss. Not accounting for absorptive losses will drive the calculated rms roughness to be smaller as observed in the data here. For a better roughness metrology with XRS, we plan to measure the total integrated scatter and compare the scatter power spectral density information to the AFM image PSDs. We expect that the total integrated measurements will be a much more accurate method for determining the true roughness of the mask substrate since it serves as a direct measure of the scattered light, which is fundamentally what leads to the speckle. Further evaluations using resist exposures of the patterned rough areas with the SEMATECH Berkeley 0.3 NA micro-field exposure tool ͑MET͒ ͑Ref. 27͒ are being planned in order to better predict the impact of mask RSR on pattern LER.
Although, both AFM and XRS have the capability to characterize surfaces with rms height deviations in picometers, it is believed that the true nature of scattering arising from the multilayer interfaces that lie beneath the surface will not be evident from top surface only metrologies such as AFM. The data presented here suggest that neither AFM nor XRS ͑as implemented here͒ is an accurate measure of RSR. We do believe, however, that an improved scattering measurement can be employed that may alleviate the need to qualify mask blanks using image based mask speckle measurements. This is to be completed in the near future. 
